ABSTRACT
INTRODUCTION
Uranyl sulfate minerals are fairly widespread, although they are not abundant. They typically occur close to actively oxidizing uraninite and sulfide minerals (Smith 1984) . Fifteen uranyl sulfates are recognized as mineral species (Mandarino 1999) , but most remain poorly understood; many uncertainties persist concerning their chemical compositions, structure and properties. Admixtures of uranyl sulfate species consisting of fine-grained mats and coatings are typical, making their detailed characterization difficult (Frondel 1958) . The structures are known for only three uranyl sulfate minerals; the structures of schröckingerite (Mereiter 1986) and johannite (Mereiter 1982) were reported for natural crystals, and that of zippeite (Vochten et al. 1995) was reported for a synthetic crystal.
Uranopilite has been reported from more than a dozen localities, including the type locality at Johanngeorgenstadt, Saxony (Frondel 1958) . Despite being recognized as a mineral since 1882, there is little crystallographic information available for uranopilite. Traill (1952) and Frondel (1952) provided powder-diffraction patterns for uranopilite, but were unable to determine the unit-cell dimensions, although rotation photographs for a bundle of elongate crystals produced a value of 8.91 Å for the lattice parameter along the axis of crystal elongation (Traill 1952) . Frondel (1958) provided the most complete description of uranopilite, including several determinations of its chemical composition, and concluded that the most likely formula is (UO 2 ) 6 (SO 4 )(OH) 10 •12(H 2 O). The infrared spectra for uranopilite are reviewed by Č ejka (1999).
The application of CCD-based (charge-coupled device) detectors of X-rays to mineral-structure analysis (Burns 1998 ) has provided many new insights into the extraordinarily complex structures of uranyl minerals. As part of our continuing studies of uranyl minerals, CCD-based diffractometry has been applied to determine the structural details of uranopilite.
EXPERIMENTAL
Over the course of several years, many specimens of uranopilite were examined in the search for crystals of suitable size and quality for single-crystal X-ray-diffraction analysis. In many cases, the largest crystals present on a specimen are ~5-10 m in maximum dimension. Several specimens were obtained that contain crystals of uranopilite with maximum dimensions of 100 m, but X-ray-diffraction analysis revealed detrimental features such as streaking and excessive peakwidths. A crystal obtained from specimen 89612 of the Harvard Museum, from Joachimsthal, Bohemia, provided sharp diffraction-peaks, and ultimately provided the data for the solution and refinement of the structure.
Collection of X-ray data
The crystal of uranopilite selected for study is a thin blade with dimensions 10 ϫ 20 ϫ 140 m. Data were collected using a Bruker three-circle diffractometer equipped with a SMART CCD detector located 5 cm from the crystal. A sphere of data was collected using monochromatic MoK␣ X-radiation and frame widths of 0.3° in , with 60 s spent counting per frame. Analysis of several hundred frames of data provided the positions of 950 reflections, but it was impossible to index these reflections on the basis of a single-crystal orientation. Analysis of the peak positions revealed that indexing required two identical triclinic unit-cells (Table 1) related by a 9.1° rotation. The crystal therefore corresponds to two microcrystals, but they are too small to be separated. Examination of the diffraction pattern indicated that only ~5% of the reflections of the two reciprocal lattices overlapped. The intensities of reflections corresponding to the larger of the two crystal components were extracted and corrected for Lorentz, polarization and background effects using the Bruker program SAINT. A correction for absorption was done by Gaussian quadrature integration using the measured dimensions of the crystal faces. A total of 20,997 intensities was measured, and merging of equivalent reflections gave 8273 unique reflections, with 4113 classed as observed (F o ≥ 4 F ).
Solution and refinement of the structure
Scattering curves for neutral atoms, together with anomalous-dispersion corrections, were taken from International Tables for X-Ray Crystallography, Vol. IV (Ibers & Hamilton 1974) . The Bruker SHELXTL Version 5 system of programs was used for the determination and refinement of the structure.
The structure was solved by direct methods in space group P1. The initial model included the positions of the U and S atoms; the positions of the anions were obtained from difference-Fourier maps calculated following refinement of the model. Refinement of the structure, done on the basis of all unique F 2 , included all atomic positional parameters, anisotropic-displacement parameters for the U and S atoms, and isotopicdisplacement parameters for the anions. The refinement converged to an agreement index (R1) of 9.2%, calculated for the 4113 unique observed (F o ≥ 4 F ) reflections. A listing of the most disparate calculated and observed structure-factors revealed that these involved observed structure-factors that were much larger than those calculated, a feature attributed to overlap of reciprocal lattices corresponding to the two microcrystals. Removal of the 205 reflections most affected by overlap, corresponding to 5.0% of the total observed reflections, substantially improved the refinement, and lowered R1 to 7.0%, which was calculated using the remaining 3907 unique observed (F o ≥ 4 F ) reflections.
The final atomic positional parameters and equivalent isotopic-displacement parameters are listed in Table 2 , anisotropic-displacement parameters for the cations are in Table 3 , selected interatomic distances are in Table 4 , and a bond-valence analysis is presented in Table 5 . Observed and calculated structure-factors are available from the Depository of Unpublished Data, CISTI, National Research Council, Ottawa, Ontario K1A 0S2, Canada.
RESULTS

Cation coordination polyhedra
The structure of uranopilite contains six symmetrically distinct U atoms. Consideration of the bond-valence sums incident upon each site ( (Burns et al. 1997) .
The structure of uranopilite contains a single symmetrically distinct S 6+ cation in the usual tetrahedral coordination, with a <S-O> bond-length of 1.49 Å.
Connectivity of coordination polyhedra of higher bond-valence
The local connectivity of the Ur 5 and SO 4 polyhedra is shown in Figure 1 . The basic structural unit is a cluster that contains all six symmetrically distinct Ur 5 pentagonal bipyramids, as well as the SO 4 tetrahedron. The Ur (2) (Fig. 2) . The linkages involve the SO 4 tetrahedron, which shares all four of its vertices with four distinct uranyl polyhedra; the sharing of edges between uranyl polyhedra and SO 4 tetrahedra does not occur. The uranyl sulfate chains are linked to form the extended structure only by hydrogen bonding. Adjacent chains are approximately coplanar and parallel to (001), and are linked by hydrogen bonding along the [100] and [010] directions, forming a sheet (Fig. 2) . Linkages between the chains along the [001] direction involve both hydrogen bonds that bridge directly between the chains, and those that bridge to interstitial H 2 O groups (Fig. 3) .
The distribution of anions within the uranyl sulfate chain is worthy of further consideration. The O Ur atoms are not shared within the chain, as expected given that their bond-valence requirements are largely met by the uranyl-ion bond. The O (15) O(30) groups occur at the corners of the clusters of uranyl polyhedra, and are bonded to one U 6+ cation. The bond valences associated with these bonds range from 0.38 to 0.51 vu.
Hydrogen bonding in uranopilite
As is the case for most uranyl minerals, hydrogen bonding is of fundamental importance to the stability of the structure of uranopilite. Unfortunately, the X-raydiffraction data are insufficient to provide the positions of H atoms in uranopilite, as is typically the case for uranyl minerals. However, most aspects of the hydrogen bonding can be established on the basis of crystalchemical arguments. Proposed hydrogen bonds are listed in Table 6 , and are in part illustrated in Figure 2 . Contributions to the bond-valence sums arising from H atoms (Ferraris & Ivaldi 1988) are given in Table 5 .
The O atoms of the OH(19) and OH (22) (Fig. 3) .
The O atoms of each of the OH (20) (Fig. 2) . The O atoms of the H 2 O groups numbered 25 to 30 are bonded to single U 6+ cations and occur along the edges of the uranyl sulfate chains (Fig. 1) 
Formula of uranopilite
The currently accepted formula for uranopilite is (UO 2 ) 6 (SO 4 )(OH) 10 •12H 2 O (Frondel 1958) 3 . The constituents of the uranyl sulfate chains are contained within square braces. Note that this formula is identical to that given by Frondel (1958) except in the distribution of H between hydroxyl and H 2 O groups.
Comparison to related structures
The structure of uranopilite is unique amongst minerals and synthetic uranyl phases. Of the four known structures of uranyl sulfate minerals, only uranopilite is based upon chains of polyhedra of higher bond-valence. The structures of zippeite (Vochten et al. 1995) and johannite (Mereiter 1982) contain uranyl sulfate sheets, with low-valence cations and H 2 O groups located in the interlayers. The zippeite sheet contains zig-zag chains of edge-sharing Ur 5 pentagonal bipyramids crosslinked by vertex-sharing with SO 4 tetrahedra (Fig. 4a) . The johannite sheet involves edge-sharing dimers of Ur 5 pentagonal bipyramids linked by sharing equatorial vertices with SO 4 tetrahedra (Fig. 4b) , and is based upon the phosphuranylite sheet anion-topology (Burns et al. 1996 , Burns 1999 . The structure of schröckingerite (Mereiter 1986 ) contains isolated uranyl tricarbonate clusters and SO 4 tetrahedra linked through bonds to low-valence cations and by hydrogen bonding. Burns et al. (1996) reviewed the structures of synthetic uranyl sulfates. These phases exhibit considerable structural diversity, and involve sheets (six examples), chains (four examples), isolated clusters (one example) and frameworks (one example) of polyhedra of higher bond-valence. Two distinct uranyl sulfate chains have been found in synthetic phases. The structure of Mn[(UO 2 )(SO 4 ) 2 (H 2 O)](H 2 O) 4 (Tabachenko et al. 1979) contains the chain shown in Figure 4c, (Zalkin et al. 1978) contain the uranyl sulfate chain shown in Figure 4d . Both of these chains involve only vertex-sharing between uranyl and sulfate polyhedra, and are much simpler than the chain found in the structure of uranopilite.
